Although the molecular characteristics of gI Na+ annels are not well understood, recent studies have shown the presence of mRNA for rat brain Na+ channel a subunits in astrocytes and Schwann cells. In this study, we asked whether the mRNA for the rat brain Na+ channel P1 subunit is expressed in gal cells. We performed in sin hybridization using a complementary RNA probe for the coding regions of the rat brain Na+ channel p1 subunit mRNA and detected 1 subunit mRNA in cultured rat optic nerve astrocytes and sciatic nerve Schwann cells. The P1 subunit was amplfed by reverse trnscription-polymerase chain reaction in rat optic and sciatic nerves, which lack neuronal somata but contain astrocytes and Schwann cells, respectively. Doublet bands of the P1 subunit iRNA were amplified tom both optic and sciatic nerves. Thogh the cloning and sequng of these bands, we confirmed the amplification of a mRNA highly homologous to the previously cloned rat br Na channel PB1 subunit (13l) and a novel form of the (31 subunit (1-3) . The physiological significance of the expression of multiple Na+ channel subtypes is not yet understood, although it is known that their expression is regionally and developmentally regulated (1-5). Voltage-sensitive Na+ channels are composed of subunits (a and (), but their compositions vary depending upon the tissue and species (1, 2). For example, Na+ channels purified from chicken heart and eel electroplax contain only an a subunit (6, 7), whereas rat skeletal muscle and brain contain a and one or two P subunits (8, 9). Thus far, three distinct a subunits (termed subtypes I, II, and III) and one (3 subunit ((31) of Na+ channels have been cloned from rat brain (2, 3) . Some studies suggest the importance of the Na+ channel (3 subunits in normal Na+ channel function (10-12), but less is known about the biochemistry and molecular biology of the Na+ channel (3 subunits than about the a subunit.
astrocytes and sciatic nerve Schwann cells. The P1 subunit was amplfed by reverse trnscription-polymerase chain reaction in rat optic and sciatic nerves, which lack neuronal somata but contain astrocytes and Schwann cells, respectively. Doublet bands of the P1 subunit iRNA were amplified tom both optic and sciatic nerves. Thogh the cloning and sequng of these bands, we confirmed the amplification of a mRNA highly homologous to the previously cloned rat br Na channel PB1 subunit (13l) and a novel form of the (31 subunit mRNA (Pl.2), which is closely homologous to Pi.1 but contains an additional 86-nucleotide insert in 3' noncodlug regions. Two P1 subunit mRNAs were also amplified rom rat brain and skeletal muscle, but not from rat liver or kidiey. These results indicate that rat brain Na+ channel (31 subunit used to demonstrate the presence of voltage-sensitive Na+ currents in astrocytes cultured from various regions of the central nervous system (CNS), including cerebrum (17) , hippocampus (18) , spinal cord (19,'20) , and optic nerve (17, (21) (22) (23) (24) . Two distinct Na+ currents have been recorded in astrocytes with different biophysical and pharmacological characteristics (17) (18) (19) (20) (21) 24) . However, little information is available about the biochemical and molecular characteristics of the channels underlying these distinct Na+ currents in glial cells.
Astrocytes and Schwann cells express rat brain Na+ channel a subunits (refs. 25 and 26; Y.O. and S.G.W., unpublished data) and another type of Na+ channel a subunit that was partially cloned (27) . In the present study, we asked whether the rat brain Na+ channel (1 subunit is expressed in astrocytes and Schwann cells by applying in situ hybridization and reverse transcription-polymerase chain reaction (RT-PCR) techniques. We demonstrate here that these glial cells express rat brain Na+ channel (31 subunits both in vitro and in vivo and also demonstrate the presence of an isoform* of the rat brain Na+ channel (31 subunit mRNA, which we refer to as 131.2 using nomenclature similar to that for K+ channels (28) , together with a mRNA highly homologous to the originally cloned (12) (1 subunit mRNA, B1.i. Na+ channels in excitable cells have been well characterized, and their primary amino acid sequences show that multiple channel subtypes are present in mammals (1) (2) (3) . The physiological significance of the expression of multiple Na+ channel subtypes is not yet understood, although it is known that their expression is regionally and developmentally regulated (1) (2) (3) (4) (5) . Voltage-sensitive Na+ channels are composed of subunits (a and (), but their compositions vary depending upon the tissue and species (1, 2) . For example, Na+ channels purified from chicken heart and eel electroplax contain only an a subunit (6, 7), whereas rat skeletal muscle and brain contain a and one or two P subunits (8, 9) . Thus far, three distinct a subunits (termed subtypes I, II, and III) and one (3 subunit ((31) of Na+ channels have been cloned from rat brain (2, 3) . Some studies suggest the importance of the Na+ channel (3 subunits in normal Na+ channel function (10) (11) (12) , but less is known about the biochemistry and molecular biology of the Na+ channel (3 subunits than about the a subunit.
The presence of extraneuronal Na+ channels in rabbit sciatic nerve was suggested on the basis of studies using radiolabeled saxitoxin (13) . Following this suggestion, patchclamp studies showed that cultured Schwann cells can express voltage-sensitive Na+ currents with biophysical characteristics similar (although not identical) to those present in neuronal cells (14) (15) (16) (14, 15) .
RT-PCR. Total cellular RNA was prepared, and RT-PCR was performed as described (25) . In brief, RNA was extracted from postnatal day 7-14 Sprague-Dawley rat sciatic Abbreviation: RT-PCR, reverse transcription-polymerase chain reaction. *The sequence reported in this paper has been deposited in the GenBank data base (accession no. L34417).
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and optic nerves and from adult rat tissues (brain, skeletal muscle, liver, and kidney) with a single-step guanidinium thiocyanate/acid phenol/chloroform method (29 We used the protocol of Black et al. (26) for in situ hybridization with minor modifications. Cells were washed with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde in 0.14 M Sorensen's buffer (pH 7.4) for 10 min at room temperature. The cells were then sequentially incubated in (i) PBS, three changes for 5 mnn each; (ii) prehybridization solution containing 50o formamide, 5x SSC (1x = 0.15 M NaCl/0.015 M sodium citrate, pH 7), 5x Denhardt's solution (1x = 0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin), and 100 pg of salmon sperm DNA (Sigma) per ml for at least 1 hr at 580C; and (iii) hybridization solution containing 50%6 formamide, 10%/ dextran sulfate, Sx SSC, lx Denhardt's solution, 100 pg of salmon sperm per ml, and 0.25-0.5 ng of probe per 1d overnight at 580C. The complementary RNA probes were incubated for 10 min at 680C before addition into hybridization solution. After hybridization, coverslips were sequentially incubated in (i) 4x SSC, two changes for 5 min each; (ii) 2x SSC, two changes for 5 min each; (iii) 10mM Tris/500 mM NaCl, pH 7.5, containing RNase A (50 pug/ml; Boehringer Mannheim) for 1 hr at 370C; (iv) 2x SSC, two changes for 5 min each; (v) 0.2x SSC, two changes for 20 min each at 580C; (vi) 100 mM Tris/150 mM NaCl, pH 7.5, for 5 min; (vii) blocking solution containing 100 mM Tris/150 mM NaCl/2% (vol/vol) normal sheep serum/1% bovine serum albumin for at least 1 hr; (viii) anti-digoxigenin antibody conjugated to alkaline phosphatase (1:500-1000 in blocking solution; Boehringer Mannheim) for 2 hr; (ix) 100 mM Tris/150 mM NaCl, two changes for 5 min each; (x) 100 mM Tris/150 mM NaCl/50 mM MgCl2, pH 9.5, three changes for 5 min each; and (xi) color substrate solution containing 420 pg of nitro blue tetrazolium (NBT) and 188 pg of 5-bromo-4 chloro-3-indolyl phosphate (X-phos) per ml in 100 mM Tris/ 150 mM NaCl/50 mM MgCl2 overnight. The color reaction was stopped by several changes of 10mM Tris/1 mM EDTA, pH 8.0, and coverslips were mounted on glass slides with aqua-poly/mount (Polysciences). Dark blue-purple precipitate, indicating the presence of the Na+ channel (31 subunit mRNA, was revealed with bright-field microscopy (Leitz Aristoplan).
Control experiments performed to establish the specificity of the in situ hybridization protocol were (i) hybridization of cells in the absence of labeled probes and (ii) pretreatment of the cells with RNase A. We did not observe any specific labeling in these controls. The specificities ofthe digoxigeninlabeled probes were also tested on Northern blot analysis (see Fig. 2 ).
Northern Blot Analysis. Poly(A)+ mRNAs were purified from total cellular RNAs prepared as described above from adult rat total brain and liver using Poly(A) Quick mRNA purification kit (Stratagene). Four micrograms of poly(A)+ mRNA were electrophoresed through 1.2% agarose/2.2 M formaldehyde gel (equivalent loading of the mRNAs was checked by ethidium bromide staining), transferred to nylon membranes (Boehringer Mannheim), UV-cross-linked, probed with the digoxigenin-labeled antisense riboprobe, and detected with a chemiluminescent detection protocol (Boehringer Mannheim).
RESULTS
In Situ Hybridization. Optic nerve astrocytes cultured from postnatal day 5-7 rats exhibit two morphologically distinct cell types (5, 21, 24) : flat fibroblast-like astrocytes and process-bearing astrocytes. As shown in Fig. 1, astrocytes were hybridized with a digoxigenin-labeled antisense riboprobe made against the rat brain Na+ channel (31 subunit mRNA. The hybridization signal, revealed by using a reaction with anti-digoxigenin antibody conjugated with alkaline phosphatase, was detectable in the cell body and processes of stellate astrocytes in vitro, indicating the presence of mRNA in both of these regions; similar observations on mRNA localization have been reported in cultured neurons (30) . In general, the staining was more intense in the cell body than in the processes. We did not detect expression of the Na+ channel (31 subunit mRNA in flat astrocytes in vitro (data not shown). Fig. 1 also shows (31) (32) (33) . Doublet bands of the (31 subunit were also amplified from rat skeletal muscle (Fig. 3 Top),
indicating that the same Na+ channel ,(1 subunit is expressed in rat brain and skeletal muscle. The absence ofamplification of the (31 subunit from liver and kidney suggests that the rat brain Na+ channel P1 subunit is specifically expressed only in excitable tissues.
Three independent clones were isolated and sequenced from each of the doublet bands amplified from sciatic nerves with identical results. Sequencing of the doublet bands showed that the lower band was highly homologous to the previously cloned (12) The doublet bands amplified from sciatic nerves were gel-purified, cloned into plasmid vectors, and sequenced. Three different clones were isolated and sequenced from each band; the resulting DNA sequences from these clones were identical. The lower band was highly homologous to the previously cloned rat brain Na+ channel (31 subunit ((31.1) , and the upper band was an isoform of the (31 subunit mRNA ((31.2), which had an additional 86-nucleotide insert in its 3' noncoding regions 6 bp after the translation stop codon.
and that the upper band was another form of the (31 subunit mRNA ((31.2), which is closely homologous to (31.1 but contains an additional 86 nucleotide insert in its 3' noncoding region, 6 bp after the translation stop codon (Fig. 4) . A comparison of this 86-nucleotide insert with sequences in the GenBank data bases using the GCG sequence analysis software revealed no significant homologies. Several additional subtle changes, restricted to the 3' noncoding regions, were also found in P1.2: (i) two cytosines were added at base position 914, (ii) one cytosine was added at positions 1220 and 1247, and (iii) one base changed from cytosine to thymine at position 1250. The (1.i from sciatic nerve also exhibited several base changes similar to those in 1.2: (i) one nucleotide change from adenine to guanine at position 548, which will change the corresponding amino acid from asparagine to serine; (ii) one cytosine deletion at position 1187 in the 3' noncoding region; and (iii) all of the changes noted above in (31.2 (2, 9) . Expression studies have shown that the a subunit alone can encode functional voltage-sensitive Na+ channels in oocytes and mammalian cell lines (2) . However, the kinetic properties observed in these expression systems are slightly different from those in intact neurons in that Na+ currents are inactivated rather slowly, and Na+ current voltagedependence is shifted to more positive membrane potentials. Isom et al. (12) recently cloned the rat brain Na+ channel (31 subunit (which we refer to as (1.i) and coexpressed rat brain a and 831 subunits in oocytes to show that these altered kinetics could be corrected and, further, that the level of Na+ channel expression could be increased. Thus, the (31 subunit may play a role in normal Na+ channel activity in intact neurons.
Four lines of evidence indicate that the Na+ channel messages amplified from optic and sciatic nerves are likely derived from astrocytes and Schwann cells, respectively. First, the presence of voltage-sensitive Na+ channels in astrocytes from optic nerve and Schwann cells from sciatic nerve has been well documented electrophysiologically (14, 15, 17, 21, 24) . Second, our in situ hybridization studies show the expression of the Na+ channel 81 mRNA in cultured astrocytes and Schwann cells. Third, we studied the intact optic and sciatic nerves, which do not contain neuronal cell bodies, and axons generally do not contain neuronal mRNAs (34) . Finally, previous studies have shown that the other major cell types in these tissues-i.e., oligodendrocytes, microglial cells, and fibroblasts-do not express voltagesensitive Na+ channels (21, (35) (36) (37) Two distinct types of voltage-sensitive Na+ channels have been observed electrophysiologically in astrocytes (17) (18) (19) (20) (21) 24) . Process-bearing optic nerve astrocytes have Na+ currents that are similar to those in neurons, while flat fibroblastlike astrocytes have a different form of Na+ current, termed glial-type Na+ current (17, 24) . The present in situ hybridization studies show that process-bearing astrocytes express Na+ channel 81 subunit mRNAs in culture. Cultured Schwann cells, which also exhibit neuronal-type Na+ currents (15, 38) , are shown in this study to express Na+ channel ,(1 subunit mRNA. Therefore, it might be hypothesized that cells expressing the Na+ channel (31 subunit mRNA have neuronal-type Na+ currents, while the cells without (31 subunit mRNA expression express glial-type Na+ currents.
The DNA sequence information from sciatic nerve P1.1 includes several minor nucleotide changes (most of them concentrated in the 3' noncoding region) that were detected compared to the previously cloned (12) rat brain 3.,. It might be argued that these nucleotide changes reflect a cloning artifact or errors that might have occurred during DNA amplification by Taq polymerase and/or DNA sequencing.
However, the 86-nucleotide insert in (1.2 was consistently detected in RT-PCR amplification from various tissues ( Fig.  3 Top) ; moreover, the RT-PCR and restriction mapping analysis (Fig. 3 Bottom) are consistent with respect to the location of the 86-nucleotide insert predicted from DNA sequencing (Fig. 4) . Because the coding regions are essentially the same in these two isoforms, it seems reasonable to speculate that the differences between (3i.1 and (1.2 may be involved in the regulation of mRNA processing. It has recently been reported that mRNAs having the same coding sequences with variable 3' noncoding sequences can have different half-lives (39) (25, 26) and of a putative glial Na+ channel a subunit (27) , together with a (1 subunit that is expressed in some glial cells, might provide a substrate for the expression of several types of Na+ current observed in astrocytes and Schwann cells. Synthesis of complete Na+ channels, with subunit composition similar to that of Na+ channels in neurons, could support the expression of Na+ currents in glial cells (17, 19, 20, 24, 38) (1994) 5v ---E ported in part by grants from the Allen Charitable Trust and the JM Foundation.
